ABSTRACT: The coral Pocillopora damicornis develops gonads and releases planulae on a lunar cycle throughout most of its range. Planulae of P. damicornis in some populations display the same allozyme pattern as their mother colonies, suggesting that planulae might be produced asexually. To investigate the origin of planulae in this coral, histological studies on maturation of oocytes and early development of planulae were performed on P. damicornis in Okinawa, Japan. Small branches 3 to 5 cm long were sampled for histological observation from 7 colonies every day from August 24 to 30 and September 26 to 30, 1997. Blastula-and gastrula-like stages were observed for the first time in P. darnicornis. Blastula-like embryos consisted of a poorly defined cellular cover over an indistinct yolky mass, and were approximately the same size as mature oocytes, ca 100 pm in diameter. Oocytes occurred in 2 size classes, small (<50 pm) and large (>50 pm). A continuous series of planula developmental stages from blastulae to planulae was documented. The appearance of early embryos and small plandae occurred about the time that large oocytes disappeared. These observations, together with a lack of any sign of production of planulae by budding, strongly suggest that planulae of P. damicornis in this population are derived from oocytes that undergo typical embryogenesis.
INTRODUCTION
The coral Pocillopora damicornis has long been characterized as a typical plandating scleractinian (Atoda 1947 , Harrigan 1972 . The coral is an hermaphrodite, developing gametes and releasing planulae with a lunar periodicity (Ushioda 1983 , Muir 1984 , Stoddart & Black 1985 , Martin-Chavez 1986 , though the time of planula release varies among locations (Atoda 1947 , Stimson 1978 , Harriott 1983 , Ushioda 1983 , Muir 1984 , Richmond & Jokiel 1984 , Stoddart & Black 1985 , Ward 1992 , Tanner 1996 . In spite of this extensive study, the origin of the brooded planulae of P. damicornis is not fully understood. Hypotheses include asexual budding, origin from lipid bodies, parthenogenetic development from oocytes, and sexually produced zygotes.
Histological evidence
Several researchers have sought intermediate stages between mature oocytes and early planulae. However, they found no early cleavage, blastula, or gastrula stages, lending support to the hypothesis of an origin by budding of Pocillopora damicornis planulae (Muir 1984 , Stoddart & Black 1985 , Martin-Chavez 1986 , Ward 1992 . Consistent with the budding hypothesis, Stoddart & Black (1985) found no developmental stages connecting the largest ova (116 pm diameter) with the smallest planulae (160 pm length), despite observations of hundreds of contemporaneous eggs and developing planulae in 29 colonies over 2 or 3 cycles of planulation. Other histological observations suggest that gametes may be involved in parthenogenetic planula production. Martin-Chavez (1986) observed a clear temporal relationship between oocyte maturation and planula production. However, he presumed that sperm were resorbed before they became fully mature and he suggested that planulae of Pocillo-pora damicornis are produced by parthenogenesis from initiated. Here we provide the first report on early mature oocytes. Histological observations of correlaembryonic stages in P. damicornis, and present mortion between gametogenesis and planula production phological evidence that planulae of P. damicornis in indicated that sexual reproduction may occur in some this population are derived from oocytes. populations (Ushioda 1983 , Martin-Chavez 1986 . However, Muir (1984) and Stoddart & Black (1985) found that planulae appeared before gametogenesis was MATERIALS AND METHODS complete in some P. damicornis colonies, suggesting no role for gametes in planula production. Muir (1984) Seven colonies of Pocillopora damicornis were colproposed that planulae of P. damicornis develop from lected from Sesoko Beach and Bise in northern Okilipid storage bodies which occur in the pharynx, since nawa from August to September 1997 (Table 1) . these pharyngeal lipid bodies had a histological strucColonies were labeled and transferred to Sesoko Stature superficially similar to the earliest planula stages.
tion, Tropical Biosphere Research Center, University of the Ryukyus. A l l colonies were held in individual plastic buckets supplied with running unfiltered seaGenetic evidence water at ambient temperature. To check lunar periodicity of planulation, planulae were collected by filter- Stoddart (1983) found that planulae of Pocillopora ing overflowing seawater through planula collectors damicornis in Western Australia and Hawai'i consis- (Hidaka 1985) around first quarter moon from August tently displayed the same allozyme pattern as the to October 1997. parent colonies for 5 polymorphic loci including 1 or 2
To observe early embryogenesis in Pocillopora damiheterozygous loci. He concluded that planulae of P.
cornis, branches were collected from each of 7 colonies damicornis are produced asexually and suggested that every day for several days around third quarter moon, planulae may develop either by budding or by parthas Ushioda's (1983) data suggested that early developenogenesis. Budded planulae would be produced ment of planulae should occur around third quarter mitotically by growth of somatic cells, while parthenomoon in P. damicornis in Okinawa if they are produced genetically produced planulae would be produced sexually. Sampling of branches from 6 colonies comfrom unfertilized oocytes. Genetical structure within menced 12 to 19 d after collection of the colonies, from populations of P. damicornis in southwestern Australia August 24 to 30, 1997. Sampling from a seventh colony also suggested that P. damicornis there reproduce commenced 2 d after collection, from September 26 to largely asexually, and that while asexual proliferation 30, 1997. Branches 3 to 5 cm long were collected using through planulae and fragments plays a primary role cutting pliers, and about 1 cm of both tip and base of in population maintenance, sexually produced propthe branches were removed because intermediate segagules may act to connect separate populations (Stodments of branches in P. damicornis were reported to be dart 1984a,b). Benzie et al. (1995) found high levels of more fecund than either tips or bases (Harrigan 1972) . genotypic diversity in populations of P. damicornis at One Tree Island, Great Barrier Reef (GBR), and concluded that repro- Ayre et al. (1997) also found high levels of genotypic diversity in 9 populations of P. damicornis from 3 widely separated reefs on the GBR and concluded that those population~ are maintained by the recruitment of sexually generated larvae. It is ironic that, while reproduction has . been studied in PociLlopora damicornis more than any other scleractinian species, the origin of its brooded planulae still re-, mains enigmatic. To investigate this unanswered question, we made histological observations on branches of P. damicornis that were collected daily around third quarter moon in Okinawa, Japan, when planula development was thought to be Within 30 min after collection, branch segments were fixed in 10% formaldehyde in seawater for 24 h. The fixed branches were decalcified in a 1 : l mixture of 10% acetic acid and 10% formaldehyde in tap water for approximately 2 wk. Tissue was then peeled off, cut to 1 X 1 cm pieces, dehydrated in a graded series of ethanol and cleared using xylene. Tissues were embedded in paraffin and 10 pm sections were cut and stained with Delafield's haematoxylin and eosin. Histological sections were observed under a light microscope (NIKON Labophot-2). At least 10 polyps were observed for each branch and 22 to 40 sections were observed for each polyp. The stages of oocytes and testes were classified according to Stoddart & Black (1985) . Early embryos were identified by referring to previous reports on early embryogenesis in the brooding corals; Acropora cuneata, A. palifera (Kojis 1986) , Favia fragum (Szmant-Froelich et al. 1985) , Porites astreoides (Chornesky & Peters 1987) and P. porites (Tomascik & Sander 1987) .
For measurements of size of oocytes, testes, and planulae, sections that contained the maximum planar area of oocytes, testes and planulae, respectively, were selected and their photomicroscopic images were printed using a video printer (Sony UP-850) and a video camera (Victor TK-910) attached to the microscope. All measurements were made on the video prints. The diameter of oocytes was measured using an electric caliper (NSK, Max-Cal). The contour of each testis was traced onto tracing paper and digitized using a scanner (HP Scanjet IIcx). The crosssectional area of each testis was then measured on a computer using NIH Image. Since planulae were elliptical in many sections, the size of planulae was expressed with a size index, that is, a geometric mean of the short and long axes of the section of planulae. To estimate the growth rate of planulae, the regression of mean size index of planulae on time was calculated for each colony that contained planulae.
RESULTS

Planulation
All 7 colonies of Pocillopora damicornis released planulae at least once from August to October 1997 (Table 1) . Planulae were released for 5 to 6 d around first quarter moon. Three colonies (B9713, B97 14, and B97 15) released planulae repeatedly for 3 mo and 1 colony released planulae consecutively for 2 mo.
Gametogenesis
Six out of 7 colonies developed oocytes but only 3 had both oocytes and testes. Oocytes and testes developed in mesenteries and were enveloped by mesoglea and gastrodermis. Mature oocytes and testes protruded into the gastrovascular cavity and were connected to a mesentery by a stalk.
Oocytes were classified into 4 stages based on morphology and size (see Fig. 1 ). Histograms of oocyte diameter (see Fig. 4 ) indicated that there were 2 oocyte size classes; small (<50 pm) and large (>50 pm). Small and large oocytes could be further classified into 2 stages each, based on morphology following Stoddart & Black (1985) .
Stage I oocytes were less than 30 pm in diameter and had a germinal vesicle with a prominent nucleolus. Only a few yolk granules were present, located one side of the oocyte (Fig. 1A) . Stage I1 oocyt ranged from 30 to 50 pm in diameter. Yolk granul were arrayed in a circle around the germinal vesic (Fig. 1B) . Stage I11 oocytes ranged from 50 to 70 pm diameter. The germinal vesicle was more prominent and located at the periphery of the cytoplasm. Yolk granules were distributed throughout the cytoplasm. A vitelline membrane or cortical layer was observed at the surface of the oocyte (Fig. 1C) . Stage IV oocytes were about 100 pm in diameter and had a thick vitelline membrane or cortical layer (Fig. ID) . The germinal vesicle was no longer apparent, and the oocyte was surrounded by a follicle layer. Some follicle cells contained zooxanthellae, but the oocytes at this stage were still without zooxanthellae.
Only stages I1 and I11 of the testes stages described by Stoddart & Black (1985) were recognized in our material. Stage I1 testes had a thick spermatogonial wall and were attached to a mesentery by a stalk ( Fig. 2A) . Stage I11 testes were packed with spermatids and had a thinner spermatogonial wall (Fig. 2B) . In some large testes, a central lumen occurred. Sperm were sometimes observed free in the coelenteron and appeared to be released from the testis (Fig. 2C ), though this may be an artifact due to histological technique (Stoddart & Black 1985) .
Embryogenesis
Bastula-and gastrula-like embryos as well as planulae at various developmental stages were observed (Fig. 3) . The earliest stage embryo had a poorly defined cellular layer +vering an indistinct yolky mass that was almost the same size as mature oocytes, ca 100 pm (Fig. 3A) . A blastocoel was not evident and the early embryo appeared to be a stereoblastula. Later, when the embryos reached a gastrula-like stage, the ectodermal layer became more defined (Fig. 3B) . The gastrula-like embryos were solid without an archenteron (stereogastrula) and the blastopore was filled with yolky cells. No zooxanthellae were seen in embryos at this stage. Late gastrulae were oval in shape and had distinct columnar ectodermal cells and a well-defined mesogleal layer (Fig. 3C ). An oral pore and gastrovascular cavity were at Larvae which had a well-developed gastrovascular es cavity and ectoderm and endoderm similar to those of es planulae at more advanced stages were termed early :le planulae (Fig. 3D) . The size index of early planulae in was greater than 130 pm. Zooxanthellae were seen present. Zooxanthellae were seen in the early gastrovascular cavity (~i~, 3~1 , suggesting that tozoa; W: spermatogonial wall. Scale bars = 50 p scattered in the gastrovascular cavity of the planulae stage embryos. Two of the blastulae were found inside as well as in the endodermal layer (Fig. 3D) . Developtentacles. Some gastrulae and early planulae were ing planulae with up to 3 pairs of mesenteries were found in the gastrovascular cavity of the coenosarc, observed (Fig. 3E,F) . though most of them were found in the gastrovascular We found a total of 52 early embryos whose diameter cavity of polyps. Because the coral branches were fixed was less than 110 pm. Four of them were blastulawithout anesthetization, it is likely that embryos and small planulae were squeezed from the gastrovascular cavity during polyp contraction upon fixation. While some planulae were connected to a mesentery by a stalk (Fig. 3F) , most planulae were seen without an apparent connection.
Relationship between gametes and planulae
Planulae were observed in 5 out of the 6 colonies which had gonads. Embryos and early planulae first appeared on August 25 to 26 (lunar days 23 to 24). In September, sampling of branches commenced on the 26th (lunar day 25) and the branches already contained early planulae. Embryos and early planulae were last seen on August 29 (lunar day 27) and September 29 (lunar day 28) (Fig. 4) .
The histogram of oocyte, embryo and planula sizes combined showed that the early embryos and the mature oocytes are almost the same size (Fig. 4) . Some planulae were observed together with mature or small oocytes in the same polyp (Fig. 3D) , while others were found in polyps with testes. However, in colonies that contained planulae, large oocytes were usually few in number or not observed at all (Figs. 4 & 5) . Small oocytes were observed throughout this study, even when the polyps contained planulae (Figs. 4 & 5) .
Mean diameters of oocytes and planulae are plotted against time to show their growth rate. In 2 out of 3 colonies, the regression of mean planula size index on time was significant (regression analy- Fig. 4 . The size of oocytes and embryonic planulae of Pocillopora damicornisfrom 6 colonies (code no. B9713-SB9715). The x-axis represents the diameter of oocytes and size index of developing planulae (in pm). The y-axis shows the percent of items in each colony in the sample. Solid and shaded bars indicate the percent of oocytes and that of embryos and planulae combined, respectively. The numbers at the upper right of each histogram represent the number of oocytes (left), and the number of embryos and planulae (right) measured, i.e. the sample sizes for each histogram. The numbers in the brackets represent the number of polyps observed. The numbers in the squares represent the number of early embryos whose diameter was less than 110 pm. The histograms are arranged based on lunar days, where lunar day 1 is new moon sis, p < 0.001) (Fig. 5B,C) . The initial linear growth rate of planulae, which was estimated from the slope of the regression line, was about 25% d-l. Since mature oocytes are about 100 pm in diameter, the regression suggests that planula development began approximately on lunar days 22 (August 24) or 24 to 25 (September 25 to 26). Testes were observed in branches from 3 out of 6 colonies that had gonads. Large testes were observed in branches sampled on August 24 to 25 (lunar days 22 to 23), but large testes were not seen in samples from August 26 to 27, suggesting that sperm were shed before this day (Fig. 6) . The disappearance of testes on lunar days 24 to 25 roughly coincided with the appearance of early planulae on lunar days 23 to 27.
Lipid bodies and other planula-like structures
Lipid bodies were common in 5 colonies, but rarely observed in the other 2 colonies (Table 1) . Lipid bodies consisted of gastrodermis and mesoglea and displayed a meshwork structure due to lipid granules that filled endodermal cells (Fig. ?A) . Zooxanthellae were sometimes found in lipid bodies. Some polyp tissues with lipid bodies superficially resembled early planulae (Fig. ?B) . They were composed of ectodermal and endodermal layers, but neither layers showed the dense distribution of nuclei near the apical surface which was characteristic of planulae (Fig. 3E,F) . Other structures that looked like embryos were also observed (Fig. ?C) , but they were similar to what Martin- 
DISCUSSION
In spite of the fact that the reproductive biology of Pocillopora damicornis has been intensively studied for decades, early embryos had never been observed in P. damicornis (Harriott 1983 , Muir 1984 , Stoddart & Black 1985 , Martin-Chavez 1986 , Ward 1992 , Tanner 1996 . This, together with the finding that planulae of P. damjcornis in some populations are genotypically identical to their source colony, supported the hypothesis of an asexual origin-of planulae in this coral (Stoddart 1983 , Muir 1984 . Histological studies on gamete maturation and planula appearance, however, suggested that there is some temporal relationship between gamete maturation and-planula production in P. damicornis (Ushioda 1983 , Martin-Chavez 1986 . Genetic studies on populations of P. damicornis in Australia's GBR support the suggestion that sexual reproduction does occur in some populations of P. damicornis (Benzie et al. 1995 , Ayre et al. 1997 . Ward (1992) suggested that P. damicornis at Rottnest Island, Western Australia, reproduces both by asexually produced planulae and, sexually, by spawned gametes.
Our observations are the first to show blastula-and gastrula-like embryos in Pocillopora damicornis. The presence of intermediate stages between mature oocytes and early planulae, and the congruence in size of mature oocytes and the smallest planulae strongly suggest that planulae of P. damicornis in this popula- ( C ) An oval-shaped structure connected to the mesentery by a stalk. The inner region contained many dots which probably are degenerating spermatids, en: endoderm; ec: ectoderm; lb: lipid body. Scale bar = 50 pm tion are produced from oocytes. The observation that the disappearance of large testes roughly coincided with the appearance of these planulae further suggests that planula production in this population may be sexual. Failure to observe early embryonic stages in earlier studies may have been due to the rapid development of fertilized ova to planulae (Harriott 1983 , Stoddart & Black 1985 . The blastula-like embryos of Pocillopora darnicornis appeared as spheres of yolk granules surrounded by a single layer of epithelium. A blastocoel was not evident and the form of the blastula of P, darnicornis may be a stereoblastula as reported for the brooding species Favia fragurn (Szmant-Froelich et al. 1985) and Balanophyllia elegans (Fadlallah & Pearse 1982) . The blastula-like embryos of P. darnicorni's observed in the present study were similar to the earliest stage brooded embryos of Pontes pontes in that the outer layer of the embryos was not clearly delineated from the inner yolky mass (Tomascik & Sander 1987) . The presence of large amounts of yolky material in the early embryonic stages of P. damicornis indicates a link between mature oocytes and planulae as suggested for P. pontes (Tomascik & Sander 1987) .
The number of large oocytes decreased shortly before planulae appeared. Large oocytes were rarely observed in colonies that contained planulae. When both large oocytes and planulae were present in a colony, the number of large oocytes was usually small (Fig. 4) . These observations also suggest that planulae of Pocillopora damicornis in the Okinawan population are derived from large (ca 100 p) oocytes. Small oocytes were observed throughout the sampling period. These small oocytes would have probably matured in subsequent reproductive cycles.
The disappearance of large testes was also temporally related to the appearance of the early planulae (Figs. 4 & 6) . However, some polyps contained both planulae and testes. Six colonies sampled in August 1997 were held in individual buckets supplied with running unfiltered seawater for 12 to 19 d before the sampling of branches commenced. It is not likely that cross-fertilization occurred in these colonies. Planulae observed in this study might have developed by selffertilization, though the possibility that planulae developed by parthenogenesis cannot be excluded. Synchronous spawning of sperm is probably not as crucial for fertilization in brooding corals as in broadcast spawners since brooders might be able to retain mature oocytes for some time.
Embryos and early stage planulae first appeared at third quarter moon (lunar days 23 to 24). Regression of planula size on time was significant in 2 out of 3 cases. This regression line shows an initial linear growth rate of about 25% d-l. Based on this estimate of planula growth rate, and the size of mature oocytes, fertilization and early development probably commenced on lunar day 22 in August or lunar days 24 to 25 in September. This is a few hours to a maximum of 2 d before planulae were identifiable. Thus, oocytes are probably fertilized about 2 wk before planulation. Szmant-Froelich et al. (1985) observed that embryos were brooded for about 3 wk before release in Favia fragurn, which has a lunar periodicity of planulation. Most embryos and early planulae of Pocillopora damicornis were found free in gastrovascular cavity as reported for Favia fragurn (Szmant-Froelich et al. 1985) and Porites astreoides (Chornesky & Peters 1987) .
Blastula-and gastrula-stage embryos did not contain zooxanthellae although the follicle layer surrounding mature oocytes did contain algal symbionts (Fig. ID) . Zooxanthellae were first observed in the gastrovascular cavity of early planulae which had already developed an oral pore (Fig. 3C) , suggesting that zooxan-thellae may enter planulae through the oral pore. Zooxanthellae were also first seen entering embryos at about this stage in Favia fragum (Szmant-Froelich et al. 1985) . In F. fragum, however, zooxanthellae appeared to enter early planulae through the ectoderm near the oral pore (Szmant-Froelich et al. 1985) .
There was considerable variation in gonad maturation and planula development among colonies as well as among branches. This might be due to inter-colony variation in planula production and to the fact that gamete maturation and planula development are not strictly synchronous among branches of a Pocillopora damicornis colony. As noted above, synchrony may be less important in brooding species with internal fertilization. Colonies of P. damicornis show considerable inter-colony variation in numbers of planulae released (e.g. Harriott 1983 , Ward 1992 , Tanner 1996 . Harrigan (1972) reported that polyp fecundity varied widely within and among branches of l? damicornis.
Histological examination of Pocillopora damicornis did not reveal any indications of planulae developing from polyp tissue by budding. Contrary to the findings of Muir (1984) , our evidence shows that planulae did not come from lipid bodies.
If planulae of Pocillopora damicornis in Olunawa are produced sexually, populations may, in part, be maintained by a combination of asexual reproduction via fragmentation and by local recruitment of genetically diverse larvae. One might also expect episodic longdistance dispersal. Populations of P. damicornis in the Ryukyu Islands are not completely dominated by a single or a few clones (Adjeroud & Tsuchiya 1999) , while populations from southwestern Australia are dominated by a few clones (Stoddart 1984a) . However, the levels of gene flow between populations in the Ryukyu Islands were not so high as in the GBR (Benzie et al. 1995 , Ayre et al. 1997 . Adjeroud & Tsuchiya (1999) suggested that the relative importance of asexual reproduction in P. damicorm's varies geographically.
Large geographic variation in life history has been suggested for Pocillopora damicornis (e.g. Richmond 1987 , Ayre et al. 1997 . The Okinawan population of P. damicornis seems different from southwestern Australian populations studied by Stoddart & Black (1985) and Ward (1992) . While Ward (1992) found a large number of male colonies in addition to hermaphroditic colonies at Rottnest Island, we found only female and hermaphroditic colonies in Okinawa. The possibility that the populations in Olunawa and those in southwestern Australia belong to different species cannot be excluded. The possibility that P. damicornis might be a species complex or consist of distinct species has been suggested (Knowlton & Jackson 1994 , Ayre et al. 1997 ).
The present observation of early embryos about the size of mature oocytes, together with lack of any sign of production of planulae by budding, along with the disappearance of mature testes at about the time of initiation of embryogenesis, strongly suggest that planulae of Pocillopora damicornis in the Okinawan populations we studied are derived from oocytes and are probably produced sexually. However, genetic studies on the relationship between parent and offspring are necessary to determine whether the planulae in this population are derived from fertilized eggs or parthenogenetic development of oocytes.
